Abstract-The vapor pressures and thermal properties of nonmeasured polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and seven polybrominated dibenzo-p-dioxins (PBDDs) were predicted using a correlation method based on the experimental vapor pressures for 22 PCDD/Fs and octabrominated dibenzo-p-dioxin obtained by the Knudsen effusion method. The vapor pressures of all 59 PCDDs and 131 PCDFs predicted in the present study were more or less higher than the data predicted by Rordorf, although the calculation method was the same. For the most toxic 2,3,7,8-tetrachlorinated dibenzo-p-dioxin, the vapor pressure at 298 K predicted in the present study was 6.2 ϫ 10 Ϫ6 Pa, which was 31-fold higher than the value provided by Rordorf (2.0 ϫ 10 Ϫ7 Pa). The predicted vapor pressures for low-brominated PBDDs agreed with the data estimated by Rordorf. For 2,3,7,8-tetrabrominated dibenzo-p-dioxin, the vapor pressure predicted in the present study was 1.8 ϫ 10 Ϫ8 Pa, obviously lower than those predicted by Rordorf.
INTRODUCTION
Vapor pressures are fundamental properties of persistent organic pollutants and are important in determining their distribution and fate in the environment. Because of the large number of dioxin congeners and other persistent organic pollutants, experimental measurements can cover only a minor fraction of them. Therefore, the prediction of vapor pressures of dioxin congeners by semiempirical correlations is effective and necessary. Prediction methods thus play an important role in environmental research, providing data that are otherwise inaccessible as well as testing data that are more uncertain.
Numerous equations and correlations for estimating vapor pressure of solid state have been presented in the literature [1, 2] . Rordorf [3] [4] [5] has suggested a good correlation method, derived from thermodynamic theory, to predict vapor pressure. Based on the experimental vapor pressure and the melting points, the boiling points are derived, and the vapor pressures then can be estimated thermodynamically. We can obtain not only the enthalpy and entropy of sublimation but also the enthalpies and entropies of fusion and vaporization by this estimation. Correlation methods are of particular importance when dealing with dioxin congeners, because thousands of possible homologues and isomers exist. These methods also enable testing of the experimental data set for self-consistency.
We previously measured the vapor pressures of 17 polychlorinated dibenzo-p-dioxins (PCDDs) and five polychlorinated dibenzofurans (PCDFs) using the Knudsen effusion method [6, 7] , and the vapor pressures of octabrominated dibenzo-p-dioxin (octa-BDD) were measured in the present study. Based on these experimental data, we employed the * To whom correspondence may be addressed (etsuro@tagen.tohoku.ac.jp).
thermodynamic correlation method to predict the vapor pressures of all other PCDD/Fs and seven polybrominated dibenzop-dioxins (PBDDs).
PREDICTION METHOD
Equations that relate vapor pressure to temperature commonly are derived by integration of the Clausius-Clapeyron equation: 2 d ln p/dT ϭ ⌬H /(⌬ZRT ) v (1) where d is the differential, p is the vapor pressure, ⌬H v is the enthalpy of vaporization, R is the gas constant, T is the temperature, and ⌬Z is a compressibility factor, given by
⌬Z ϭ p⌬V/(RT)
where ⌬V is the volume difference between the vapor and the liquid phase. The correlation method uses the liquid phase as a reference state, as has been the case for most predictive vapor pressure methods. Supersaturated liquid phases usually are defined at the temperature of interest. The vapor pressure data of the solid are extrapolated to the melting point (T m ), and the liquid phase is introduced at this point. Enthalpies (⌬H m ) and entropies (⌬S m ) of fusion are defined for the melting temperature (T m ), and unknown temperature dependencies of these functions are not involved. The two parameters (⌬H m (T m ) and ⌬S m (T m ), respectively) are determined for the various compounds and vary significantly between these compounds. The calculation procedure of the vapor pressure correlation method [3] [4] [5] used in the present study is described below.
At the boiling point
Relative substance independence and, therefore, easy predictability of entropies of vaporization at the boiling point (⌬S v [T b ]) are the basis of the present correlation method. Rordorf [5] used Equations 3 and 4, derived from Fishtine's rule [8] , to predict the enthalpies and entropies of vaporization for the various compounds at T b : 
F where K F is the Fishtine factor.
In the liquid phase
The curvatures of the liquid-phase vapor pressure stem from the temperature dependence of ⌬H v . The enthalpy of vaporization of the liquid phase can be determined as a function of temperature if the differences of the heat capacities of the gas and liquid phases ( ) are known (Eqn. 5):
Integration of Equation 5 for T 1 ϭ T b and T 2 ϭ T leads to Equation 6 and 7: The heat capacities of gases and liquids were estimated by the group contribution methods [1, 2] . The temperature dependencies of the change in heat capacities were neglected. Equation 8 can be integrated from the melting point (T m ) to the boiling point (T b ) as follows:
Vapor pressure of the liquid phase of known T m and T b can be predicted by Equation 9. Equation 9 also can be used to estimate T b in association with Equation 3 if the T m and vapor pressure at T m for a given compound are known.
At the melting point
The enthalpy of fusion (⌬H m ) needs to be known to project the solid vapor pressure curves from the (predicted) liquid vapor pressure data. The Gibbs free energies (⌬G s ) and enthalpies of sublimation (⌬H s ) equal the sum of the corresponding functions of fusion and vaporization (see Eqns. 10 and 11). Equation 13, which is obtained from Equations 10, 11, and 12, states that similar sums are valid for the entropies. 
The differences between the heat capacities of the gas and solid phases ( ) equal the rotational and the translational gϪs ⌬C p heat capacities of the gases minus the lattice-mode heat capacities:
ϭ 4R Ϫ C lattice . The lattice parts, estimated by gϪs C p the rule of Dulong and Petit, approach 6R at ambient temperatures for crystals composed of molecules with three nonzero moments of inertia. Solid-to-gas heat changes of Ϫ16.6 J mol Ϫ1 K Ϫ1 therefore were assumed. 
PREDICTION OF VAPOR PRESSURE

Predictions for PCDD/Fs
Enthalpies (⌬H s ) and entropies (⌬S s ) of sublimation of the 22 PCDD/Fs were obtained by linear regression of the experimental vapor pressures over the indicated temperature intervals as listed in Table 1 . These are valid for the midtemperature, T mid ϭ 2(T max ·T min )/(T max ϩ T min ), of the investigated temperature ranges and are recalculated at the melting points using Equation 19 . The results are shown in Table 1 . The melting point (T m ) data are cited from the compiled recommended data [9] . The boiling point (T b ) was determined in an iterative procedure using Equations 3 and 9. The enthalpies and entropies of vaporization at the boiling point (⌬H v (T b ) and ⌬S v (T b ), respectively) were determined using Equations 3 and 4 and are summarized in Table 2 . Figure 1 For PCDDs:
For PCDFs:
Using these formulas, boiling points (T b ) and enthalpies of fusion at the melting point (⌬H m [T m ]) can be predicted for unknown dioxin congeners, and subsequently, the solid-state vapor pressures and other thermal properties can be calculated by the prediction method described above using Equations 3 to 20. These values for 59 PCDDs and 131 PCDFs are summarized separately in Appendices 1 and 2. 
Vapor pressure (Pa) Table 1 . The predicted vapor pressures in the present study shown in Appendices 1 and 2 also are around one order higher than those of Rordorf's experiments and/or predictions for all common isomers. The prediction method in the present study and in Rordorf's work was based on the experimental vapor pressures, and it then used the correlations between the thermodynamic values and chlorine substitutions. We have measured the vapor pressures of DD, mono-CDDs, di-CDDs, tri-CDDs, tetra-CDDs, penta-CDD, hexa-CDD, hepta-CDD, octa-CDD, DF, di-CDF, tri-CDF, penta-CDF, and octa-CDF [7] . On the other hand, Rordorf [5] measured the vapor pressures of DD, mono-CDDs, di-CDDs, tri-CDDs, tetra-CDDs, octa-CDD, DF, di-CDF, tri-CDF, and octa-CDF. It is probable that the lack of the experimental data for higher-chlorinated congeners (penta-, hexa-, and heptachlorinated) in Rordorf's study caused the differences of predicted values with our data. Figure 3 shows the vapor pressure differences between Rordorf's study and the present study for the toxic isomers, which are substituted at positions 2, 3, 7, and 8. For the most toxic 2,3,7,8-tetra-CDD, the vapor pressure at 298 K predicted in the present study is 6.2 ϫ 10 Ϫ6 Pa, which is 31-fold higher than the value provided by Rordorf.
Predictions for PBDDs
We measured the solid vapor pressure of octa-BDD by the Knudsen effusion method. Pure solid powder of octa-BDD (mass fraction, ϩ0.99; CIL, Andover, MA, USA) was used for the measurement. The details of the measurement method have been reported previously [6, 7] . The result obtained is as follows:
For OctaBDD (543 Ϫ 563 K): Using the same methods for PCDD/Fs, the predicted thermal properties and vapor pressures for seven PBDDs with known melting points are listed in Table 4 . Because of the lack of melting point data, the predictions have been conducted only for 1-mono-BDD, 2-mono-BDD, 1,6-di-BDD, 2,3-di-BDD, 2,7-di-BDD, 2,8-di-BDD, and 2,3,7,8-tetra-BDD. Although Rordorf [4] did not measured the vapor pressure for any of the PBDD congeners, his predictions of vapor pressure for mono-and dibrominated dioxins relatively agree with the data estimated in the present study, as shown in Table 4 . How- [5] and in the present study. 
Vapor Pressure (Pa) ever, the vapor pressure of 2,3,7,8-tetra-BDD predicted by Rordorf [5] was higher than those obtained in the present study.
As shown in Table 4 , the values of enthalpies, entropies, and boiling points of PBDDs show some discrepancies between the present study and Rordorf's study. Rordorf [3] [4] [5] never measured the vapor pressures of PBDDs. He probably estimated the enthalpies of PBDDs using the values of PCDDs, assuming an optional coefficient for bromine substitutions. It was supposed that the discrepancy between the present results and Rordorf's data became larger with increasing in bromine substitution, as shown in Table 4 , because of the estimated enthalpies in Rordorf's study [5] .
CONCLUSION
Based on the experimental vapor pressure data set for a number of dioxin isomers by the Knudsen effusion method, the vapor pressure and thermodynamic properties of all nonmeasured PCDD/Fs were predicted using a correlation method. The estimated boiling point and enthalpies of sublimation, vaporization, and fusion correlate well with the degree of chlorination. The vapor pressures of all the 59 PCDDs and 131 PCDFs were predicted in the present study. These vapor pressures are around one order higher than those of Rordorf's experiments and/or predictions for all common isomers. For the most toxic 2,3,7,8-tetra-CDD, the vapor pressure at 298 K predicted in the present study was 6.2 ϫ 10 Ϫ6 Pa, which is 31-fold higher than the value provided by Rordorf. The predicted vapor pressure results for low-brominated PBDDs agree with the data predicted by Rordorf. However, the discrepancies of enthalpies, entropies, and boiling points for PBDDs between the present study and Rordorf's study became larger with increasing bromine substitution. Therefore, the vapor pressure of 2,3,7,8-tetra-BDD at 298 K predicted in the present study
Appendix 1. Predicted thermodynamic properties and vapor pressures of polychlorinated dibenzo-p-dioxins (PCDDs)
Compound
Vapor pressure (Pa) 
